A combined tracer and time-lapse radar imaging experiment was conducted in the unconfined coarse fluvial aquifer at the Boise Hydrogeophysical Research Site in August, 2001. Two tracers (bromide and uranine) were injected to form a plume over a 4-m interval that spanned the contact between hydrostratigraphic units with contrasting permeability. The tracer plume traveled 6.9 m to well B6, passing through well A1 instrumented with 20 sampling zones over a 5-m interval that spanned the injection interval. Radar tomographic data were collected periodically on cross-sectional and longitudinal planes, two of which passed through well A1 for quantitative calibration of radar attenuation tomograms in terms of solute concentration. Pre-test three-dimensional modeling was used to provide estimates of bromide concentration distributions under a variety of scenarios to help optimize (a) radar responses in tomographic planes, and (b) pumping rate from B6 to minimize influence on the plume while ensuring plume passage through A1 and complete breakthrough in two weeks. Bromide breakthrough occurred first and with greatest concentration in the higher permeability unit as expected. Time-lapse cross-hole radar data show plume-related differences in expected regions with time-lapse level runs and time-lapse attenuation-difference tomograms. Uranine breakthrough was significantly diminished and delayed relative to bromide; follow-up experiments suggest biological activity associated with cottonwood roots caused the non-conservative uranine behavior.
Introduction
It is widely acknowledged that a major limiting factor in accurately and cost-effectively characterizing, monitoring, modeling, or remediating contaminated sites is obtaining adequate knowledge of the heterogeneous properties (especially permeability) that control the transport of water and contaminants in the subsurface (e.g., Sudicky and Huyakorn, 1991; Anderson, 1997) . Noninvasive or minimally-invasive geophysical methods provide the most promising opportunity for cost-effectively supplementing the limited direct information on permeability and geology that can be gained at wells (e.g., Rubin et al., 1992; Hyndman and Gorelick, 1996; EPA, 1999) .
Time-lapse geophysical imaging of injected tracer plumes provides a new class of minimallyinvasive methods for detection and quantification of fluid and contaminant movement, and for determination of the distribution of parameters and features controlling subsurface water and contaminant movement. The basic concept of time-lapse imaging is that variations in the water content or solute concentrations may be detectable and quantifiable using changes in tomographic images collected in the same location at different times (Lane et al., 1998; Day-Lewis et al., 2002) . In addition to using time-lapse changes in images to detect and quantify the movement of water and/or contaminants, this same information can also be used to verify or improve three-dimensional (3D) estimates of permeability.
A tracer and time-lapse (radar imaging) test (TTLT) was conducted at the Boise Hydrogeophysical Research Site, or BHRS (Barrash and Knoll, 1998; Clement et al., 1999) in 2001 to examine the ability of cross-hole radar attenuation-difference tomography to detect the movement of an electrically conductive tracer (as an analogue for a high-conductivity contaminant plume) in a shallow, unconfined, heterogeneous, fluvial aquifer. This paper presents the test design and presents initial results from the 2.5-week TTLT conducted in August, 2001 . Additional detail on the TTLT is given in and Hausrath et al. (2002) .
Goals
Goals of the tracer/time-lapse imaging test were to: 1. Conduct time-lapse radar tomography during a tracer test to evaluate the ability of this method to detect temporal and spatial variations in a tracer plume, using transverse and longitudinal imaging planes; 2. Quantify the magnitudes of and differences in attenuation due to the tracer plume compared with measured concentrations at a multizone sampling location in the path of the plume; 3. Assess approaches to data acquisition (spatial and temporal sampling) for maximizing resolution and minimizing uncertainty as the plume passes through imaging planes; 4. Identify operational and equipment features that can be modified to improve the efficiency of field data collection and subsequent image generation and interpretation; and 5. Provide a data set for hydrologic modeling to estimate the 3D distribution of permeability from head, tracer, and time-lapse geophysical data.
This paper reports on goal 1. A companion paper at this meeting reports on goal 2 (Goldstein et al., 2003, this conference). Work is in progress on goals 3-5.
Hydrogeologic Setting
The TTLT and follow-up field tests were conducted at the BHRS which is located on a gravel bar adjacent to the Boise River ~15 km from downtown Boise, Idaho (Figure 1 ). The wellfield consists of 13 wells in the ~20-m-diameter central area and five boundary wells about 10-35 m from the central area ( Figure 1 ). All wells were constructed with 4-in ID PVC, including slotted casing throughout the saturated interval. The 13 central area wells are arranged in two concentric rings of six wells each around a central well. The shallow aquifer at the BHRS consists of late Quaternary, coarse (dominantly cobble-and-sand), fluvial deposits. Saturated thickness of this aquifer ranges between ~16-18 m depending on seasonal variations in river stage and depth to a tight red clay that underlies the site.
An accurate characterization of the site hydrostratigraphy is important for design and interpretation of tracer/time-lapse tomography experiments. Five hydrostratigraphic units in the coarse fluvial deposits ) overlie a very thin (<1 m thick) portion of a basalt flow and a tight red clay (>3 m thick). These five units are, from older to younger: Unit 1, the lower low-porosity cobble-dominated unit; Unit 2, the lower variable-porosity cobble-dominated unit; Unit 3, the upper low-porosity cobble-dominated unit; Unit 4, the upper variable-porosity cobble-dominated unit; and Unit 5, an uppermost channel sand that thickens toward the Boise River and pinches out near the center of the wellfield. The four cobble-dominated units pinch and swell in thickness, and have internal variations in porosity and permeability that may be related to small-scale facies changes.
Historical water level measurements at the site prior to the TTLT indicate a gradient with an azimuth approximately co-linear with the alignment of wells B3 and B6 (Figure 1 ). The Boise River forms a boundary on the western side of the site. The TTLT occurred during a period of relatively stable Boise River stage near the BHRS due to nearly steady outflows from an upstream reservoir and diversions into an irrigation canal. The BHRS water levels show diurnal evapotranspiration cycles with amplitudes ranging from ~.009 m to .027 m . Recharge was negligible prior to and during the TTLT.
Tracer/Time-Lapse Imaging Test Design
The TTLT was designed to be conducted between two wells (up-gradient injection well B3, and down-gradient withdrawal well B6) that are 6.9 m apart and are approximately in line with the summer period natural gradient at the BHRS (Figure 2) . A third well (A1), located along the plume path or line of the natural gradient, would be equipped to collect water samples from 20 discrete zones (each 0.25-m thick) isolated by packers and accessed by ports. Water chemistry data from this well would be used to calibrate radar attenuation tomography on image planes passing longitudinally (between wells B3-B6) and transversely (between wells B4-B1) through this well. A central design concept was for wells marginal to the plume path to be equipped with log-through packers and ports (Hyndman et al., in prep) to allow collection of head measurements and water samples for tracer analyses while simultaneously allowing radar instruments to be lowered and raised through the well for the collection of tomographic data on planes through the plume (Figure 2 ). For this test, log-through packer and port systems would have six 1-m-long zones between packers and would be placed in all B wells except the injection well B3. The middle of the 20 zones in A1 and the six zones in B wells would be centered on the middle of the 4-m-long injection zone.
Two conservative tracers with different chemical behavior (electrically conductive salt and organic dye) would be injected into two hydrostratigraphic units (Unit 2 and Unit 3) in the middle 4 m of the aquifer at well B3 ( Figure 2 ). Unit 2 is generally more porous and permeable, with a higher variance in porosity and permeability than Unit 3. This injection interval was chosen because the contrast in permeability was expected to cause the plume to move at different rates in the two units and thereby develop a good transient target for evaluating imaging capabilities. Also, by limiting the tracer injection to these two units and to a 4-m-thick injection interval, resources could be concentrated for measurement and analysis, including focusing the tomography data collection and chemical sampling for calibration of radar image changes on a 4-m-thick portion of the system rather than the full 18-m thickness of the system. Time-lapse cross-hole radar surveys were designed to monitor two processes: the injection of bromide (conductive tracer) into the aquifer at B3, and the migration of the tracer plume toward well B6. Since radar sampling takes time, there is a trade-off between temporal and spatial resolution of timelapse images. For injection monitoring, we chose to emphasize temporal resolution at the expense of spatial resolution; for migration monitoring, we chose to emphasize spatial resolution at the expense of temporal resolution. These decisions were based on expected temporal and spatial rates of change in material properties (i.e., radar attenuation) derived from pre-test transport and radar amplitude modeling.
Pre-Test Flow and Transport Modeling
Pre-test flow and transport modeling was conducted to estimate breakthrough time and plume concentration levels and shape considering the effect of different aquifer and test parameters. Transient 3D modeling was conducted using the finite-element code: FEMWATER. Positions of unit contacts for the model were generated by kriging interpreted elevations from porosity logs. Hydraulic parameters varied by unit but were held constant within units (Table 1) . Similar hydraulic conductivity values were assigned to Units 1 and 3 (relatively lower porosity and permeability) and Units 2 and 4 (relatively higher porosity and permeability) based on their similarity in porosity and preliminary permeability measurements (W. Barrash and T. Johnson, unpubl. data). Hydraulic conductivity was highest of all for the channel sand, but this unit is present only in the western half of the BHRS and generally is above the region of the aquifer involved in plume transport. A 2:1 horizontal to vertical anisotropy was assumed for all units. Constant longitudinal and transverse dispersivities were assigned to all units (Table 1) ; it is believed that these values are low, but FEMWATER has a relatively high numerical dispersion, thus the combination provided fairly reasonable results
Operational test conditions that were variables in pre-test modeling included: injection rate and duration at B3, and extraction rate at B6. Injection and extraction were constrained to the target 4-m injection interval spanning the contact between Units 2 and 3 in the simulation, but the wells were given finite dimensions equal to their geometry to account for hydraulic influence of open wells above and below the packers. In particular, hydraulic head and tracer concentration dynamics at injection well B3 could have significant flow and transport effects.
A number of salient points were identified with pre-test modeling. At injection, the plume is nearly radially symmetrical but it is wider in Unit 2 than Unit 3 due to the higher permeability in this unit. The plume extends above and below the injection interval in the formation because vertical gradients are generated adjacent to the packers. Diameter of the >70% relative concentration contour interval was initially a diameter of ~2.9 m in Unit 2, and ~1.9 m in Unit 3. Vertical flow components also arise from topography on the unit contacts between wells, especially from the rise of contacts between both Units 2 and 3 and Units 3 and 4 from injection well B3 to well A1 ( Figure 3 ). The shape of the plume and the simulated velocity field indicate that nearly parallel flow (i.e., similar to natural gradient) dominates between wells B3 and A1, and convergent flow (i.e., similar to forced gradient) dominates between wells A1 and B6. Discharge at B6 and breakthrough at A1 are almost entirely in the lower half of the 4-m (injection) interval at A1 and some fraction of the plume is traveling below the injection interval between wells B3 and A1. The slow-moving core of the plume in Unit 3 is partially being drawn into Unit 2. Breakthrough in the lower portion of the injection interval in A1 is extended in time, likely due to a downward component of flow bringing additional tracer mass from Unit 3. Plume shape in the horizontal plane is not symmetrical due to topography on the contact between Units 2 and 3 ( Figure 3 ).
Design parameters used in the TTLT based on this modeling were: 30 gpm injection for 35 min to achieve an average plume diameter of ~2 m in Unit 2 at ~75-100% relative source concentration, and 5 gpm extraction from the same 4-m elevation interval in B6 to help guide the plume along the desired pathline. The goal was to achieve conditions that were conducive to both collection of radar tomography data in daily cycles and to completing breakthrough at well A1 in two weeks without significantly affecting plume movement in the largely natural-gradient region between wells B3 and A1.
Tracer/Time-Lapse Imaging Test 2001
Injection into well B3 at ~29.5 gpm began at 1140 hr on August 1, 2001 and continued for 33 min and 40 sec. Injection concentrations were: 8410 uS/cm for conductivity and 88.5 ppb for uranine. Approximately 35 minutes after injection was completed, pumping was started from well B6 at ~5 gpm from the same 4-m interval that was used for injection. It was intended for pumping to continue at this rate for the duration of the test except for periods needed for tomographic data collection between wells B3 and B6.
Tracer sampling was needed at sufficient time frequency to define breakthrough curves and to calibrate radar attenuation tomography (Figure 4) . In-field analysis of water samples was needed to provide near-realtime feedback on the progress of the test. Sampling frequency after injection was every four hours through August 17 (test day 17), with some variation from this regimen during the early stages of the test. A field laboratory was set up to run analyses for fluorescence (as an analogue for uranine concentration) and for conductivity (as an analogue for bromide concentration). Additional detail is provided in the report on chemical analyses for the TTLT (Hausrath et al., 2002) .
Measurements of head-change at zones isolated with packers in well A1 and in B-ring wells were taken with small-diameter (2 mm) fiber-optic transducers. This is a new technology which allows ease of access to isolated zones in wells by threading the thin fiber-optic cable down small-diameter access tubes. Other attributes include high sensitivity of measurement (<.01 psi), fast sampling rate (100 Hz), and synchronized sampling from up to 64 channels. However, the hardware and software for this technology are prototype rather than stock production and, despite successful use in short test applications, a significant number of the fiber-optic transducers exhibited drift during the longer-running TTLT necessitating a rerun of the start of the test with revised transducers in 2002 (Barrash et al., 2002) . C-ring and X-ring wells ( Figure 1) were measured as open wells (i.e., without separation into zones) using conventional strain-gauge transducers linked to data loggers. Stage changes in the Boise River were measured with a strain-gauge transducer linked to the data logger for the C wells.
A variety of cross-hole radar measurements were made with two types of systems (Mala; Sensors and Software) and with antenna frequencies ranging from 100 MHz to 250 MHz -B6 three times after the injection packers were removed from well B3 on the ninth day of the test. On most days, level runs were collected between wells B4-B1 and B4-B2 with both 100 MHz and 250 MHz antennas to ensure dense temporal sampling using two different antennas with different penetration (i.e., dynamic range) and resolving capabilities.
Initial Results from the TTLT

Conductivity Breakthrough
Conductivity, as a surrogate for the bromide tracer, was measured during the TTLT on samples collected at calibration well A1 and at wells B1, B2, B4, and B5 marginal to the expected plume path. Subsequent lab tests demonstrated that conductivity measurements closely approximate bromide concentrations with a linear relationship over the range of concentrations in the TTLT . Breakthrough behavior at the 20 zones in A1 indicates that the 0.25-m thick zones successfully captured small differences in tracer concentration between adjacent zones and at successive times ( Figure 5 ). Maximum breakthrough magnitude of conductivity at well A1 was ~0.31 C o .
A minor breakthrough event (the "injection peak") passed through A1 and the B wells starting shortly after injection (about event 6, or test day 2) and lasting for several days ( Figure 5 and Hausrath et al., 2002). In well A1, magnitude of the injection peak was greatest in the upper sampling zones, decreased progressively downward, and was not observed in the lowest five zones. Following passage of the injection peak, conductivity returned to background levels before onset of the main conductivity breakthrough event.
The main conductivity breakthrough event exhibited general behavior predicted by pre-test modeling: (a) the tracer plume was almost completely confined to the region between marginal B wells during passage from B3 to B6 (only well B1 had a minor peak on days 9-11 ); (b) initial breakthrough at A1 occurred in the lower zones and moved progressively upward with significant decrease in concentration in the upper zones of A1; and (c) some fraction of tracer mass passed below the injection zone in A1 ( Figure 5 ). In detail however, breakthrough behavior in A1 also showed that: (a) a significant second peak passed simultaneously through the lower seven zones in A1; and (b) virtually no tracer passed through the upper six zones of A1 with the exception of a small peak in zone 16 very late in the test ( Figure 5D ). Tracer passing below the injection zone at A1 due to heterogeneity and/or density effects is under investigation with flow and transport modeling in progress (Leven et al., 2002) .
Time-Lapse Radar Imaging
One of the goals of this research is to evaluate the ability of time-lapse cross-hole radar methods to detect temporal and spatial variations in a tracer plume (analogue for conductive contaminant plume). Perhaps the simplest way to do this is with analysis of amplitude data from time-lapse level runs. Figure  6 shows the amplitude of radar first arrivals (amplitude of first trough) for 250 MHz level runs across the B4-B1 plane and the B4-B2 plane collected on the fourth and ninth days of the TTLT. The level runs on August 4 were collected before the main bromide plume was detected with chemistry in A1, and the level runs on August 9 were collected during main bromide breakthrough at A1 ( Figure 5 ). Note that the amplitude values measured in the injection interval on August 9 are much less than on August 4; this is clear evidence that the radar amplitude data are sensitive to changes in fluid conductivity. There is little difference in amplitude values outside the general injection interval.
Common offset gathers extracted from the tomography data set show the same general pattern. Therefore we should be able to construct time-lapse attenuation-difference tomograms to map the migration of the plume over time and to image changes in conductivity (i.e., bromide concentration). 
Uranine Breakthrough
From the water chemistry analyses in the field during the TTLT, it became clear that uranine concentrations (determined from measurements of fluorescence) exhibited significantly different transport and breakthrough behavior ( Figure 7 ) than conductivity ( Figure 5 ). In particular, uranine: (a) had significantly lower relative concentration compared with conductivity; (b) was delayed in breakthrough occurrence compared with conductivity; and (c) in detail, had different vertical distribution of breakthrough timing and relative concentrations than conductivity.
Uranine exhibited the minor injection peak at wells B1, B2, and B4 between about event 2 (day 1) and event 10 (day 2), and then returned to background levels for nearly the remainder of the test. No later main peak was observed in B wells, except perhaps a low-amplitude pulse passing through zones 2-5 of B1 starting before event 50 (day 9) and ending by about event 90 (day 16). The injection peak passed through A1 later than in the B wells, starting about event 13 or 14 (day 3) in most zones in A1 .
Main breakthrough for uranine was observed in the lower 3 m of zones in well A1 starting about 11 days into the test (Figure 7 ) and moving progressively upward, as with main conductivity breakthrough behavior in A1. The highest concentration of uranine for this breakthrough was only ~12 ppb (~0.13 C o ) in zone A1-9 compared to the injection concentration of 88.5 ppb, and compared to the relative maximum breakthrough magnitude of ~0.31 C o for conductivity which was about 2.5 times greater than for uranine.
Uranine and Aquifer Ecology
The unexpected reduction in uranine concentration and retardation in uranine transport rate are likely not due to inorganic causes (Hausrath et al., 2002) . However, uranine removal from groundwater can occur due to microbiological degradation (e.g., Kass, 1998) , and perhaps due to sorption at roots or root hairs (e.g., Vakhmistrov and Zlotnikova, 1990) . Results from follow-up reconnaissance testing strongly suggest that biological and/or microbiological activity associated with cottonwood roots in the aquifer have played major roles in decreasing uranine concentration, delaying uranine transport during the TTLT, and causing a different distribution pattern for breakthrough at A1 compared with conductivity (Hausrath et al., 2002 ).
Summary
A tracer/time-lapse (radar imaging) test (TTLT) was conducted in a heterogeneous fluvial aquifer at the Boise Hydrogeophysical Research Site (BHRS) during August 1-18, 2001 to demonstrate, evaluate, and improve the capability to dynamically image an electrically conductive plume during a tracer test, and to provide quantitative results for geophysical, hydrologic, and combined hydrologic and geophysical modeling of plume detection, plume evolution, and permeability heterogeneity. Custom inwell equipment was designed with and manufactured by collaborators at Michigan State University (Hyndman et al., in prep) to allow: (a) simultaneous logging with radar instruments for cross-hole imaging while collecting water samples and/or head-change measurements from isolated zones in the same wells; and (b) collection of high-resolution water chemistry samples and head-change data in the middle region of two tomographic planes for quantitative calibration of attenuation differences detected by radar tomography.
Pre-test flow and transport modeling with generalized aquifer parameter estimates and betterknown geometry on hydrostratigraphic contacts was run to help select tracer injection parameters and a pumping rate at withdrawal well B6 that would assure passage of the tracer plume through A1 with limited distortion of the plume up-gradient of well A1, and with complete breakthrough at A1 within two weeks. Two tracers were used for the TTLT that were believed to be conservative tracers: (a) bromide, an electrically conductive inorganic salt; and (b) uranine, an organic fluorescent dye. These two tracers were injected into a 4-m-thick interval in well B3 spanning the contact between two hydrostratigraphic units with contrasting porosity and permeability. Chemical results from about 50 locations were available from samples collected about every four hours during the TTLT to provide near-realtime feedback on breakthrough behavior.
Level runs across the plume path prior to and during plume passage exhibit clear differences associated with the absence or presence of a conductivity anomaly, respectively. Common offset gathers extracted from the tomography data set show the same general pattern. Therefore we should be able to construct time-lapse attenuation-difference tomograms to map the migration of the plume over time and to image changes in conductivity.
The behavior of the second tracer, uranine (organic fluorescent dye), was not conservative and differed considerably from that of bromide. In particular, relative to conductivity, uranine exhibited: (a) a significant decrease in relative concentration at breakthrough in A1; (b) significantly increased delay in breakthrough at A1; and (c) different breakthrough pattern at A1. Follow-up investigation suggests that the cause(s) for the non-conservative uranine behavior may be biological and/or microbiological activity associated with cottonwood roots in the aquifer. this research. Identification of brand names for instruments is for identification purposes only and is not an endorsement for any brand by Boise State University or any of the project sponsors. Cooperative arrangements with the Idaho Transportation Department, the U.S. Bureau of Reclamation, and Ada County allow development and use of the BHRS and are gratefully acknowledged. 
